This work reports measurements of the elastic modulus of halloysite nanotubes. Nanoscale three-point bending tests were performed on individual nanotubes using an atomic force microscope. Nanotubes exhibit elastic behaviour at small deformations. The stiffness of the tubes, and hence their elastic modulus, was deduced from force curve measurements using an appropriate mechanical model. The boundary conditions were also identified by recording the stiffness profile of a tube along its suspended length. An average elastic modulus of 140 GPa is obtained for a set of tubes with outer diameters ranging between 50 and 160 nm. Moreover, the elastic modulus increases with decreasing outer diameter, with a steep jump below 50 nm. The size dependence of the elastic modulus may be attributed to: (i) surface tension effects for thinner tubes and (ii) a non-negligible contribution of shear deformations to the total deflection for larger tubes.
Introduction
During the last three decades, materials with a nanoscale structure such as thin films, nanowires and nanotubes have attracted considerable attention in nanoscience research. The major driving force comes from their outstanding intrinsic properties compared to those of bulk materials due to the large surface to bulk ratio. Nowadays, a lot of research areas include the use of nanomaterials to develop new drug delivery devices, layer-by-layer self-assembled polymer films, micro/nano-electromechanical systems, just to name a few [1] [2] [3] [4] . Moreover, the introduction of a small number of nanoparticles in a polymer matrix can significantly enhance the physical properties of the final material, for example better mechanical, thermal and barrier properties, but also reduced flammability [5] [6] [7] .
The knowledge of the mechanical properties of these materials with reduced dimensions is extremely important to identify their functionalities and thus their potential application areas. However, mechanical measurements of free-standing nanoscale objects are quite challenging due to the difficulties encountered in the set up of standard tensile or bending tests. In recent years, several methods based on the use of atomic force microscopy (AFM) have been developed to study the mechanical behaviour of nanostructured materials [8] [9] [10] . Indeed, AFM can be considered a powerful tool as it can connect information about morphology to local physical properties. Nanoindentation is an AFM-based method usually dedicated to soft materials. In this technique, a stiff cantilever is used as an indenter and the penetration depth is measured as a function of the applied load [11, 12] . However, only a few studies have reported quantitative analysis of the Young's modulus based on force-displacement curves due to the numerous calibrations required to perform such tests [13] . For example, Sohn et al used an AFM indentation test for mechanical characterization of silicon nanowires with diameters between 100 and 600 nm [14] . Elastic modulus values were in the range of 60-240 GPa, close to that of bulk silicon, with no direct correlation with the nanowire's diameter. They ascribed the absence of size effect to the large dimension of the silicon nanowires.
Recently, AFM has also been used in contact mode to carry out three-point bending tests on nanotubes or nanowires suspended on nanoporous membranes or on silicon substrates [9, [15] [16] [17] [18] . The 1D nanomaterial is considered as a beam (clamped or simply supported) lying over a pore and the vertical deflection is measured as a function of the force applied midway along the suspended length. Salvetat et al used this technique to measure the elastic modulus of ordered and disordered multiwalled carbon nanotubes dispersed on a well-polished alumina ultrafiltration membrane [19] . Minimum values of the elastic modulus in the range of 10-50 GPa and around 800 GPa were reported for structurally disordered and ordered nanotubes, respectively. Cuenot et al also used a miniaturized beam configuration to obtain the elastic modulus of polypyrrole nanotubes [20] . They reported a strong correlation between the elastic modulus of the tubes and their thickness or diameter, similar to that previously observed for the electrical conductivity. This effect was primarily attributed to a higher degree of order of the nanotube structure with decreasing thickness.
Among the family of mineral nano-sized objects, halloysite is without any doubt considerably less known than layered silicates (e.g. montmorillonite) or other nanoclays with a needle-like shape (e.g. attapulgite, sepiolite etc). Halloysite is a naturally occurring aluminosilicate with a predominantly hollow tubular structure and is chemically similar to kaolinite. The cylindrical shape results from a mismatch in the two-layered alignment between adjacent silicon dioxide and aluminum oxide layers [21] . Due to the multilayer structure, most of the hydroxyl groups are inner groups and the external surface of the tubes is mainly based on siloxane groups [22] . The unique chemical properties of the tubes coupled to their abundant availability and low price make halloysite a potential candidate to reinforce polymeric materials [23, 24] as well as in a huge variety of new applications including controlled release of chemical agents [25] , adsorption of contaminants [26] and nanotemplating [27] . However, very little is known about the chemical and physical properties of halloysite. To the best of our knowledge, only one study has been reported so far on the measurements of the Young's modulus of HNTs using a transmission electron microscope with a bending stage [28] . The authors found that the elastic modulus tended to decrease with increasing diameter, with an average value of 130 ± 24 GPa. They attributed this result to the higher density of structural defects present in the larger nanotubes.
The aim of this work is to measure, using a different approach based on a nanoscale three-point bending test, the elastic modulus of HNTs on a broad range of diameters. In a second part, the size dependence of the elastic modulus will be discussed.
Experimental details

Sample preparation
Halloysite nanotubes (HNTs) were purchased from SigmaAldrich (Germany) and used without any chemical modification. The typical specific surface area of this halloysite is 64 m 2 g −1 ; it has a cation exchange capacity of 8 meq g −1 , pore volume of 1.25 ml g −1 and specific gravity of 2.53 g cm −3 . The outer diameter of the tubes ranges between 30 and 150 nm, the inner diameter is around 15 nm and the aspect ratio is in the range of 10-40.
Halloysite powder was dispersed in ethanol (99.8% pure, Sigma-Aldrich) and the mixture was placed in an ultrasonic bath for a few minutes to disperse the nanoparticles in the solvent. Halloysite concentration (0.2 mg ml −1 ) and agitation time (5 min) were optimized in order to achieve the best clay dispersion without damaging its nanostructure, particularly the length of the tubes which must remain larger than the pore diameter to get the desired configuration. The as-obtained suspensions were then filtered through polycarbonate (PC) membranes (it4ip, Belgium) which were used in this study as supports for the AFM measurements. These membranes display randomly distributed cylindrical pores (density of 2.2 10 7 pores cm −2 ) with a uniform diameter of around 1.2 µm. Afterwards, the membranes were dried under air for 4 h and small pieces were randomly cut in order to characterize the halloysite dispersion by scanning electron microscopy (LEO 982, Zeiss). Even if most of the individualized nanotubes were lying on the membrane surface, some of them occasionally went over pores with extremities in contact with the substrate, corresponding to a suspended beam configuration at the nanoscale (see figure S1 in the supplementary data section available at stacks.iop.org/ Nano/24/105704/mmedia).
High resolution images of HNTs were obtained by transmission electron microscopy (LEO 922, Zeiss) to measure the inner and outer diameters of the tubes, D in and D out (see figure S2 in the supplementary data section available at stacks.iop.org/Nano/24/105704/mmedia). Indeed, although the outer diameter can be measured during AFM analysis using the height profile, there is no information available about the inner diameter from the AFM images. Therefore, since both dimensions of HNTs are necessary to determine their elastic modulus, we tried to find a correlation between the inner and outer diameters by measuring the dimensions of approximately 100 tubes. As could be expected for natural nanotubes, we only found a rough correlation between both diameters and data are presented in figure 1. Based on this result, the relationship between the inner and outer diameters was approximated by a linear function:
The low correlation coefficient (R 2 = 0.56) confirmed the mineral nature of halloysite. This relationship was further used to estimate the inner diameter of the studied nanotubes from the outer one measured on the AFM images.
AFM measurements
The AFM experiments were performed on a Agilent 5500 microscope (Agilent Technology) operating in air at room temperature and equipped with a 100 µm closed-loop scanner. The cantilevers were silicon AC-mode probes from Nanosensors. For each cantilever, the spring constant (k cant ) was calibrated using the thermal noise method and all values were found to be around 25 N m −1 . In the first part of the AFM analysis, samples were imaged at low magnification in intermittent-contact mode in order to visualize and identify nanotubes crossing pores (figure 2(a)). Although most of the nanotubes were lying on the membrane surface, some of them were suspended over pores and could be used to perform nanoscale three-point bending tests. Once a suspended nanotube was located, another image at higher magnification (down to 3 × 3 µm 2 ) was taken (figure 2(b)) to measure its dimensions (suspended length, L, and D out ) with a better accuracy, but also to position the AFM tip exactly midway along the suspended length.
The suspended length of HNTs was defined in this study as the part of the tube lying over a pore. When a tube was perfectly located in the middle of a hole, the suspended length was easy to measure since lengths on both sides of the tube were equal (see figure S3 in the supplementary data section available at stacks.iop.org/Nano/24/105704/mmedia).
However, tubes were sometimes positioned on the extremities of the pores and therefore side lengths of the tubes were different (L 1 = L 2 ). For such a configuration, a unique value of L was difficult to define and we decided to consider two suspended lengths corresponding to the minimum (L 2 ) and maximum (L 1 ) values measured on the AFM image. Consequently, we determined two values of the elastic modulus and the uncertainty on the measured suspended length can already be considered as a potential source of experimental error in the determination of the elastic modulus of HNTs, as will be discussed later in this paper.
The outer diameter of HNTs has been defined as the maximum of the tube height profile with respect to the supporting membrane (see figure S4 in the supplementary data section available at stacks.iop.org/Nano/24/105704/mmedia) since the apparent width on the AFM images is a combination of the tip dimensions and the tube diameter. The inner diameter was then calculated using the linear relation (equation (1)) previously established.
After positioning the tip on a tube midway along the suspended length, a nanoscale three-point bending test was performed using force curves in contact mode. These curves represent the variation of the cantilever deflection (d), expressed as a voltage measured on the AFM photodetector versus the imposed sample vertical displacement (z) (see figure S5 in the supplementary data section available at stacks. iop.org/Nano/24/105704/mmedia). To convert the voltage measured on the photodetector into a deflection expressed in nanometres, the detector sensitivity was calibrated at the beginning of each series of measurements by measuring force curves on an infinitely hard surface (silicon). Figure 3 (a) presents d versus z curves obtained on a silicon wafer, on a nanotube located on the membrane and on a nanotube crossing a pore at the midpoint of the suspended length. These curves were then converted into force versus nanotube deflection (δ) using the following relation: and the force applied at the midpoint position of the tube, F, was calculated by multiplying the cantilever vertical deflection by its calibrated spring constant ( figure 3(b) ).
The reversibility of approach and retraction curves and the linearity of the force-deflection curves confirm the linear and elastic behaviour of HNTs in the range of applied forces. Moreover, the force curve measured on a tube lying on the membrane indicates that there is no penetration of the AFM tip into the clay nanotube for the range of forces applied in this work. Indeed, the cantilever deflection is equal to the vertical sample displacement as revealed by the infinite slope of the F versus δ curve in the contact zone ( figure 3(b) ). We also compared the height profile of a tube located on the substrate before and after a bending test. The constant value of this parameter with increasing applied force proved that the local tube compression at the tip contact is negligible. Finally, to ensure that the sample does not roll during the measurements, images at high magnification have been taken before and after each test (not shown here). The superimposition of both images confirms that the nanotube is in a stable configuration during the nanoscale three-point bending tests.
Results and discussion
Size dependence of the elastic modulus
For all experiments, the linearity observed between the nanotube deflection and the applied force allowed us to use the linear elastic beam theory within the limit of small deformations to obtain the deflection of the beam. As the deformation of the suspended beam involves both tensile/compressive and shear deformations, the total deflection at the centre of the tube can be regarded as the sum of the deflections due to bending, δ b , and shearing, δ s [29] :
where I is the cross-sectional moment of inertia, A the cross-sectional area, E the elastic modulus, G the shear modulus, f s the shape factor (10/9 for a cylindrical beam) and α a constant value depending on the clamping conditions of the sample on the pore edges.
The shear contribution to the total deflection strongly depends on the geometrical parameters of the tubes and can be neglected for aspect ratios (i.e. ratio between the suspended length and the outer diameter) larger than 10 [18] . As most of the tubes observed by TEM analysis have an outer diameter below 120 nm and the pore diameter is around 1.2 µm, shear deformations can be neglected. Therefore, we will first consider the measured elastic modulus as a reduced modulus, taking into account only tensile and compressive deformations. This assumption will be discussed in more detail later. The reduced elastic modulus E r of a nanotube is then given by [29] :
where k t is the stiffness of the tube. For a hollow cylinder, the cross-sectional moment of inertia is:
The nanotube deflection depends significantly on the boundary conditions [29] . Therefore, it is essential to identify the clamping conditions of the nanotube at its extremities: a simply supported (α = 48) or a clamped beam (α = 192). In order to deduce the boundary conditions, the stiffness profile of a tube was established by measuring force curves at several relative locations (x/L) of the tip along its suspended length. The experimental data were compared with the expected behaviours for a simply supported or clamped-end beam [29, 30] . In this model, the stiffness distribution of a beam with its two ends pinned or clamped on two springs (k 1 = k 2 ) is obtained using the superposition principle, considering the total deflection of the beam to be the sum of the 'intrinsic' beam deflection with its boundary conditions and the rigid deformation due to the springs modelling the substrate.
Assuming that the stiffness of the springs equals the stiffness of the tube in contact with the substrate (k 1 = k 2 = k s ), the stiffness distributions for a simply supported (equation (6)) or clamped (equation (7)) beam are respectively given by the following relations: 
From figure 4(a), it appears that the experimental results better follow the stiffness profile expected for a beam with free ends (blue curve) rather than that of a clamped beam (red curve). The major evidence comes from the sharp decrease of k t values when going away from the beam edges. It must be stressed that the significant deviation between experimental values and model predictions at one end of the tube (underlined by red circle) may be explained by the presence of impurities observed at the surface of the suspended nanotube and leading to artefacts ( figure 4(b) ). An increasing stiffness effect at the beam edges is also observed in figure 4 (a) and the side lobes are more pronounced for the clamped beam model. This effect, already reported by Cuenot et al, may be explained by the variation in the opposite directions of the two contributions to the global deflection of the beam (equations (6) and (7)) along its suspended length [31] . Based on this observation, the adhesion of HNTs on the membrane does not seem to be sufficient to prevent any lift-off during the bending test and HNTs can thus be considered as simply supported beams (α = 48).
About 25 different HNTs, with outer diameters between 50 and 160 nm, were tested. For each nanotube identified in the desired configuration, between three and five force curves were performed at different locations around its centre. Its average elastic modulus and standard deviation were then calculated. Figure 5 shows the variation of the reduced elastic modulus as a function of the nanotube outer diameter (error bars represent one standard deviation from the mean).
The major trend brought out by this plot is the increase of the elastic modulus with decreasing diameter. The calculated elastic modulus ranges from 10 to 460 GPa, with an average value of 140 GPa. This last result is in fairly good agreement with the elastic modulus of 130 GPa reported by Lu et al for HNTs using a TEM-based two-point bending method [28] , as well as with values in the range of 230-340 GPa predicted for single-walled HNTs by self-consistent charge density functional tight binding calculations (horizontal dashed lines in figure 5 ) [32] . This value is also close to that reported for clay platelets (170 GPa) [33] . Regarding the increase of the apparent modulus with decreasing diameter, similar behaviours have already been reported in the literature for different nanostructures such as Ag and Pb nanowires [34, 35] , ZnO nanowires [36] , polypyrrole nanotubes [20] , HNTs [28] etc.
The unexpected steep jump of the elastic modulus for the small diameters (<50 nm) may have two major origins. It may first originate from the absence of structural defects. In a multilayer structure, the defect concentration can increase with the number of constituent layers [37] . However, the elastic modulus is fundamentally related to the chemical bonding of the constituent atoms and is less sensitive to the defect concentration. In addition, transmission electron microscopy did not reveal any structural modification of halloysite with the diameter variation. We can thus conclude that this effect is not the main origin of such behaviour.
Second, due to the large surface-to-volume ratio of nanomaterials, surface properties may substantially affect the mechanical properties and have to be considered to explain the measured elastic modulus [38] . Indeed, the nanotube deflection results in an extension of its length and, hence in an increase of its surface area. Several analytical approaches have been developed based on the introduction of the surface effects into the Euler-Bernoulli law describing the elastic behaviour of bending nano-objects [39] [40] [41] . Cuenot et al showed that the experimentally measured elastic modulus is an apparent modulus including the contribution of surface tension effects on the nanostructure stiffness, the surface tension being proportional to L 2 /D 3 for nanostructures deformed under bending conditions [33] . Therefore, for a constant suspended length, the contribution of surface tension effects to the intrinsic elastic modulus increases with decreasing diameter and the nanostructure behaves like a stiffer material. A surface effect factor can be used as an indicator of the influence of surface effects on the apparent elastic modulus of nanotubes [34] . It must be stressed that this calculation was proposed for a clamped configuration. In our study, HNTs are simply supported on the PC membrane. Consequently, longitudinal displacements at the ends of the tubes are allowed and the surface extension is probably less pronounced than that expected for a clamped beam.
On the other hand, the model used to calculate the elastic modulus of HNTs has to be considered in detail in order to better understand our results for larger tubes. It is well known that the shear contribution becomes significant and must be taken into account when L/D out ≤ 2 √ E/G [29] . Even if it is difficult to determine the shear modulus of halloysite nanotubes, their properties are expected to be highly anisotropic. Therefore, our calculations were based on the assumption that the shear contribution to the total deflection (equation (3)) could be ignored when L/D out ≥ 10 [18] , which corresponds to E 25G. At the end of this study, we also performed additional bending tests on two nanotubes with larger diameters (200 and 220 nm) just to have a rough idea of the order of magnitude of the shear modulus of halloysite. Indeed, we can assume for extremely large tubes that the total deflection only results from shearing and equation (3) can be rewritten as:
where A, the cross-sectional area of a hollow cylinder, is given by:
Introducing equation (9) into equation (8) , the following expression is obtained for the reduced shear modulus of the bent tube:
A reduced shear modulus of around 1.5 ± 0.26 GPa is obtained for these large tubes, which is approximately two orders of magnitude lower than the average value obtained for E r . This result clearly highlights the anisotropic behaviour of halloysite and the large contribution of shearing for larger nanotubes. In order to describe shearing of HNTs during a three-point bending test, halloysite can be modelled as a sandwich material made of alternating layers of soft and hard matter in the radial direction [42] . As previously mentioned, halloysite is a two-layered aluminosilicate with interlayer water molecules bonded through weak H-bonds. In this hybrid structure, hard layers correspond to the covalently bonded alumina and silica layers, while the interlayer spacing, where weak H-bonds and van der Waals forces predominate, can be regarded as the soft matter. Hence, shear deformations result from the slip motions between adjacent layers due to the weak interactions in the radial direction. Based on this model, it is reasonable to accept that the contribution of shear deformation to the total deflection increases with increasing the number of aluminosilicate layers in the wall, i.e. the outer diameter. As a conclusion, a non-negligible contribution of shear deformations should be expected for HNTs with an outer diameter around or larger than 120 nm, increasing the total deflection of the tube, and hence lowering its apparent elastic modulus measured in a bending test.
Uncertainty on the elastic modulus
The uncertainty on the elastic modulus values measured in this work can be determined based on the estimation of experimental errors, which are mainly related to the determination of the geometrical parameters of the suspended nanotubes (L, D in and D out ) as well as their stiffness, k t . For each nanotube tested by the three-point bending method, between three and five force curves were measured and the standard deviations for each parameter were calculated.
The reproducibility of the method is given by the relative standard deviation of the tube stiffness and is estimated to be around 16%.
As previously mentioned, there is an uncertainty on the suspended length when the tube is not perfectly located in the middle of a pore, and the corresponding relative error is given by:
where L min and L max are the minimum and maximum suspended lengths measured on the AFM image, respectively. The uncertainty on the AFM measurements of the suspended length is around 8%. The same procedure was applied for D out when the cross section was not constant along the tube:
leading to a small uncertainty of 2%. There is also a large uncertainty in the inner diameter, which cannot be directly measured by AFM and is thus approximated by equation (1) . The procedure used to determine the relative error on D in is presented in figure 1 . For a given outer diameter and its associated standard deviation, the minimum inner diameter (D in,min ) is defined as the ordinate of D out,min on the lower limit of the prediction band (dashed green line) for a confidence interval of 68% (one time standard deviation). Similarly, the maximum inner diameter (D in,max ) corresponds to the ordinate of D out,max on the upper limit of the prediction band (dashed red line). The relative error on the inner diameter is then given by:
This leads to a relatively large uncertainty on the inner diameter of around 39%. The relative uncertainty on the reduced elastic modulus is then given by the following expression:
In this relationship, it is necessary to take into account the difference in terms of the contribution of both diameters in the calculation of the elastic modulus. Indeed, the outer diameter is approximately three times larger than the inner one. As they both appear at the fourth power in the expression for the elastic modulus (equation (5)), the weight of the outer diameter is 3 4 times that of the inner one. Therefore, the contribution of the latter parameter can be considered as negligible and equation (14) can be rewritten as:
The maximum uncertainty on the reduced elastic modulus can thus be calculated to be smaller than 55%.
Conclusions
The apparent elastic modulus of halloysite nanotubes with diameters ranging between 50 and 160 nm was measured using AFM nanoscale three-point bending tests. The stiffness of the tubes, and hence their elastic modulus, was deduced from force curve measurements using the bending equation based on the assumption that shearing could be neglected. The boundary conditions were defined by recording the stiffness profile of a tube along its suspended length. Interestingly, the elastic modulus strongly increases with decreasing diameter and an average value of 140 GPa is obtained. The size dependence of the apparent elastic modulus has been attributed to two major factors: (i) surface tension effects dominating the mechanical properties of thinner tubes and giving rise to larger apparent stiffness and (ii) a non-negligible contribution of shear deformations to the total deflection of larger tubes, lowering their apparent elastic modulus. This study furthers the understanding of the nano-mechanical behaviour of these aluminosilicate nanotubes, which is essential to identify their potential reinforcing effects in polymer nanocomposites.
